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Plant virus-encoded movement protein(s) (MP), and for many viruses the coat protein (CP), is required to mediate viral
spread between plant cells via plasmodesmata (PD). Most probably, the genomic RNA of potexviruses moves through PD as
assembled virions and/or as ribonucleoprotein complexes containing the CP and 25-kDa MP. Here we report that encapsi-
dated potato virus X (PVX) virion RNA, which is nontranslatable in a cell-free protein synthesizing system, can be converted
into a fully translatable form after interaction of intact PVX particles with the PVX 25-kDa MP. The 25-kDa MP molecules bind
selectively to only one extremity of the viral particle (that presumably contains the 59 end of the genomic RNA). The process
of complex formation is ATP-independent; i.e., the ATPase activity of the 25-kDa MP is not involved in the binding of the MP
to PVX virion. © 2000 Academic Press
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ruses is mediated by virus-encoded movement proteins
(MPs) (reviewed in 7, 13). The genome of potato virus X
(PVX) consists of a single-stranded RNA (6435 nucleo-
tides) that is capped and polyadenylated (for references,
see 20). The large 59-proximal open reading frame 1
(ORF1) coding for the 165-kDa replicase is translated
directly from genomic RNA (e.g., see 10). The coat pro-
tein (CP) gene (ORF5) located at the 39-end of PVX RNA
is preceded by three partially overlapping ORFs termed
the “triple gene block” (TGB). The TGB-encoded MPs,
referred to as TGBp1, TGBp2, and TGBp3, were found to
be essential for cell-to-cell movement of various TGB-
containing viruses (5, 8, 16). In addition to the TGB
proteins, PVX has an absolute requirement for the CP for
cell-to-cell transport (4, 6). The 25-kDa TGBp1 MP of PVX
contains an NTPase/helicase sequence domain (20) and
possesses ATPase activity (9). TGBp1 has been shown to
be associated with an increase in the size-exclusion limit
of PD (2). Although the precise role of the PVX MPs and
CP in intercellular movement is not clear, evidence that
PVX uses a novel strategy for transport of the viral ge-
nome through PD, distinct from that exploited by TMV, is
accumulating. It has been proposed that intercellular
movement of PVX requires virions as a transport form of
infection (1, 15, 18). Furthermore, the infectious RNA of
1 To whom correspondence and reprint requests should be ad-
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259another potexvirus (white clover mosaic virus) moves cell
to cell as a RNP complex (vRNc) consisting of viral RNA,
CP, and TGBp1 (14). It can be presumed that once PVX
RNA has been associated with the CP, it becomes non-
translatable; i.e., the RNPs moving from cell to cell
through PD represent viral RNA molecules that are des-
tined for translocation and excluded from replication. In
any event, the transport form of infection exported to
healthy cells through PD should be accessible to ribo-
somes to induce infection in adjacent cells. In this study
we show that the binding of the PVX TGBp1 MP mole-
cules occurs selectively at one extremity of PVX virions,
resulting in a conversion of nontranslatable PVX particles
into a form that is fully translatable in vitro. This phenom-
enon is subsequently referred to as “remodeling.”
Results. The TGBp1 and PVX virions were preincu-
bated before translation at different molar TGBp1:PVX
ratios in: (i) 10 mM Tris–HCl, pH 7.4, for 5–15 min at 4 or
20°C or (ii) Buffer A (see Materials and Methods) for 60
min at 25°C. The results obtained with seven indepen-
dently isolated preparations of PVX (referred to as
PVX1–7) and three TGBp1 preparations used in these
experiments invariably showed that although the encap-
sidated RNA of native PVX virions was completely non-
translatable in vitro (Figs. 1A and 1B), it could be con-
verted into a fully translatable form after preincubation
with TGBp1 at the molar TGBp1:PVX ratio of about 100:1
(Fig. 1A, lanes 3 and 7). A stepwise reduction of the
TGBp1:PVX ratio from 100:1 to 50:1 and 25:1 resulted in a
considerable reduction of PVX RNA translational effi-
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260 RAPID COMMUNICATIONciency (cf. lanes 3 to 5 in Fig. 1A). It should be noted that
these results were obtained after 60 min of translation in
wheat germ extracts (WGE) (Fig. 1A, lanes 3–5; Fig. 1B,
lanes 7–10) or in rabbit reticulocyte lysate (RRL) (data not
shown). By contrast, when the time of translation of the
preincubated TGBp1–PVX mixture was extended from 60
to 120 min, the levels of translation of encapsidated
virion RNA and free PVX RNA were indistinguishable
even at the TGBp1:PVX ratio of 25:1 (Fig. 1B, lanes 3 and
4) and closely related at the ratio of 10:1 (Fig. 1B, lanes 3
and 5). Even at a calculated TGBp1:PVX ratio as low as
1:1, the conversion of the virion PVX RNA into a translat-
able form could be readily detected after 120 min (but not
after 60 min) of translation (Fig. 1B, lanes 6 and 10). We
next preincubated (for 5 and 60 min) the TGBp1–PVX
mixtures in Buffer A containing or lacking ATP before
their addition to WGE and subsequent 60-min translation.
The TGBp1:PVX ratio used in these experiments (25:1)
was suboptimal for PVX RNA translation (see above). It
was found that the efficiency of the translation of the
TGBp1–PVX mixtures did not depend on time of preincu-
bation in Buffer A or on the presence of ATP upon PVX
preincubation with TGBp1 (data not shown). A series of
control experiments has shown that (i) unlike TGBp1,
bacterially expressed preparations of TMV (His)6-MP as
FIG. 1. Conversion of PVX virion RNA into a translatable form (trans-
lation in WGE). PVX was preincubated with (or without) TGBp1 in 10 mM
Tris–HCl, pH 7.4, at 4°C for 10 min before translation (A and B). Three
independently purified PVX preparations (PVX 3, 6, and 7) were used.
(A) Free PVX RNA (lane 1). Purified PVX 3 preparation (lane 2); purified
PVX 3 preparation preincubated with TGBp1 at the molar TGBp1:PVX
ratios of 100:1 (lane 3), 50:1 (lane 4), and 25:1 (lane 5). Purified PVX 6
(lane 6); purified PVX 6 and TGBp1 preincubated at the molar TGBp1:
PVX ratio of 100:1 (lane 7); no RNA added (lane 8). (B) Translation in
WGE for 120 min (lanes 1–6). No RNA added (lane 1); purified PVX 7
preparation (lane 2); free PVX RNA (lane 3); PVX 7 preincubated with
TGBp1 at the molar TGBp1:PVX ratios of 25:1 (lane 4); 10:1 (lane 5), and
1:1 (lane 6). Translation in WGE for 60 min (lanes 7–10). Free PVX RNA
(lane 7); TGBp1 and PVX preincubated at the ratios of 25:1 (lane 8), 10:1
(lane 9), and 1:1 (lane 10). Concentration of viral RNA in all samples was
40 mg/ml. The arrowheads indicate the position of the largest (165-kDa)
protein coded by the 59-proximal replicase gene of PVX. The other
bands in A and B represent premature termination or degradation
products.ell as the 58-kDa TGBp1 coded by barley stripe mosaic
irus were incapable of converting PVX particles into aranslatable form (data not shown) and (ii) the addition of
urified TGBp1 to WGE did not influence the translational
fficiency of the cell-free system directed by free viral
NA (data not shown; see also 11).
Formation of complexes between PVX virions and 25-
Da TGBp1 was tested by the incubation of 14C-labeled
TGBp1 with purified PVX (at the molar TGBp1:PVX ratios
of 100:1 and 50:1) and subsequent sedimentation of the
virus through the layer of 30% sucrose (see Materials
and Methods). It was found that only about 60% of 14C-
abeled TGBp1 sedimented together with PVX particles.
nability of about 40% of TGBp1 to interact with PVX could
e due to improper folding of a certain portion of bacte-
ially expressed TGBp1 molecules in the course of puri-
ication. No sedimentable [14C]TGBp1 could be revealed
t the bottom of the tubes after ultracentrifugation of the
ontrol samples ([14C]TGBp1 incubated without PVX).
To visualize the location of TGBp1 binding on PVX
particles, the PVX–TGBp1 complexes were examined by
immunoelectron microscopy (IEM). TGBp1 molecules
were found to be located only at one extremity of viral
particles (Fig. 2). The number of gold particles located at
the end of the virion depended on their size (10 or 5 nm)
and varied in the range from 1–2 particles (10 nm, Figs.
2A–2D and 2E) to 3–5 particles (5 nm, Figs. 2F and 2G),
In a control mixture (PVX1 AbTGBp11 Absec) lacking TGBp1
the TGBp1–PVX complexes were entirely absent and
only typical PVX particles could be seen.
In a separate translation experiment, the TGBp1–PVX
complexes preformed at the molar TGBp1:PVX ratio of
100:1 in 0.01 M Tris–HCl, pH 7.4, were isolated from the
incubation mixture by centrifugation before their addition
to the cell-free translation system. It was found that the
isolated complexes were fully translatable in WGE (data
not shown). It should be noted that no ATP was added
upon preincubation of PVX with TGBp1 in experiments
described above.
Discussion. Here we demonstrate that interaction of
intact PVX virions with the 25-kDa TGBp1 in vitro results
in a conversion of nontranslatable encapsidated virion
RNA into a translatable form. Remarkably, the translation
efficiency of RNA in purified PVX incubated at the molar
TGBp1:PVX ratio of about 100:1 and that of free PVX RNA
is similar (Fig. 1A). This result indicates that most if not
all the virus particles of the PVX preparation are involved
in the process of TGBp1-triggered PVX remodeling. On
the other hand, the experiments on binding of the 14C-
labeled TGBp1 to PVX particles indicated that not more
than 60% of the TGBp1 preparation represented the pro-
tein molecules capable of forming the TGBp1–PVX com-
plexes. This indicates that the real molar TGBp1:PVX
ratios were somewhat lower than the ratios calculated
from the total concentration of TGBp1 preparations
throughout this work. Moreover, the real molar TGBp1:
PVX ratios could be hardly calculated precisely due to
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261RAPID COMMUNICATIONthe ability of TGBp molecules to form in vitro oligomers
onsisting of two or more copies (N.O. Kalinina, personal
ommunication). Therefore, it is probable that TGBp1
nteracts with PVX virions in the form of dimers and/or
igher oligomers.
A 515-nm-long PVX particle with 3.5-nm pitch will have
47 helical turns with about 8.8 protein subunits per turn
17 ). Consequently, about 1300 subunits in a flexuous
ilamentous PVX particle form a helical array with the
.1 3 106 Da RNA packed between the turns of the helix.
onversion of the encapsidated PVX RNA into a trans-
atable form occurred at relatively low molar TGBp1:PVX
atios (Fig, 1B). Under these conditions only a small
ortion of the CP subunits of PVX virion could be directly
ssociated with TGBp1 molecules in TGBp1–PVX com-
lexes. It was tempting to speculate that in order to bind
FIG. 2. Selective binding of PVX TGBp1 molecules to one extremity of
PVX particles. PVX-bound TGBp1 molecules were revealed by gold-
labeled antiglobulin reagent Absec. The size of gold particles: 10 nm
A–E) or 5 nm (F and G). The bars represent 0.1 mm (A), 50 nm (B–F), and
25 nm (G). The “tail-to-tail” aggregated PVX particles are shown in B;
five gold particles located at the end of the virion (F) are given at a
higher magnification in G.o PVX, the TGBp1 molecules do not need the regions of
he CP subunits that are exposed along the outer surface
A
bf PVX virion (3, 12). More probably, the TGBp1 molecules
ind to a certain the region(s) of the CP subunits that are
ocated at the end of the helix, being buried along the
ength of the virus helix. In accordance with this, IEM
howed unambiguously that TGBp1 molecules bind se-
ectively to only one end of PVX virions (Fig. 2), indicating
hat only one of the two surfaces of the CP subunit was
ecognized. This observation taken together with the
henomenon of TGBp1-triggered translation of virion
VX RNA described above strongly indicates that TGBp1
olecules bind to the end of the virion containing the
9-end of PVX RNA. The phenomenon of in vitro cotrans-
ational disassembly has been reported for TMV and
ome other positive-strand RNA viruses (reviewed in 19).
nlike TMV, cotranslational disassembly has not been
emonstrated with filamentous plant viruses including
VX (19; see also Fig. 1). We suggest that binding of
GBp1 molecules to the end of the virion may cause
onformational changes in terminal subunits, altering in
ome way the stability of the end of the particle contain-
ng the 59-terminus of the RNA, so that the virion RNA
ould be accessible to ribosomes. In other words, it
ould be hypothesized that TGBp1 triggers the cotrans-
ational disassembly of PVX RNA.
Conversion of PVX particles into a translatable form
an be revealed after 60 min of translation of TGBp1–PVX
omplexes obtained at calculated TGBp1:PVX ratios as
ow as 25:1 (Figs. 1A and 1B) and 10:1 (Fig. 1B), although
he greatest effect could be reached at the calculated
atio of about 100:1 (Fig. 1A). However, when the time of
n vitro translation of the mixtures preincubated at the
olar TGBp1:PVX ratios of 25:1 and 10:1 was extended to
20 min, the efficiency of the virion RNA translation was
losely related to that of free PVX RNA (Fig. 1B, lanes
–5). The translatability of virion PVX RNA was readily
etected even at a TGBp1:PVX ratio as low as 1:1 after
20 min (but not after 60 min) of incubation (Fig. 1B, lanes
and 10). As outlined above, it can be inferred that in this
ase the real ratio was even less than one TGBp1 mol-
cule per PVX virion. These observations suggest that
he process of PVX remodeling does not require stoichi-
metric interaction between TGBp1 and PVX particles,
.e., that interaction of the TGBp1 with PVX virions is
eversible.
A point that should be emphasized is that the PVX
GBp1 contains an NTPase/helicase sequence domain
20) and exhibits ATPase activity (9). The possibility could
ot be ruled out that the mechanism of the TGBp1-
riggered PVX remodeling involves NTPase and putative
NA helicase activity of TGBp1, although it has been
hown (9, 11) that in vitro RNA binding ability of TGBp1
nder physiological conditions was extremely low if
here was any. Our data indicate that the TGBp1–PVX
omplex formation is ATP-independent, i.e., that the
TPase activity of TGBp1 is not required for the TGBp1
inding to the PVX virion. The possibility remains that
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262 RAPID COMMUNICATIONATP hydrolysis by TGBp1 may be used as an energy
source to modulate PVX particle structure at the next
stage of remodeling, i.e., when the TGBp1–PVX complex
interacts with the components of the cell-free translation
system.
The cell-to-cell transport of PVX involves the translo-
cation of virions through PD (1, 15, 18). If the mechanism
f TGBp1-triggered translation of PVX RNA is functional
n vivo, it can operate only at the level of progeny PVX
articles and/or vRNc (14), but not in the early events of
he infection process when TGBp1 has not been yet
roduced. The question of how RNA of the parental PVX
articles becomes translatable during the early stages of
nfection is obscure. Our unpublished data show that an
lternative way of conversion of the encapsidated PVX
irion RNA into a translatable form is phosphorylation of
VX CP in situ. It is possible that a particular cellular
rotein kinase(s), unidentified so far, can phosphorylate
he CP of parental PVX particles to enable the PVX
enome to be translated. One can speculate that two
ifferent mechanisms of PVX RNA conversion into a
ranslatable form may exist: one phosphorylating the CP
f the parental virions entering host cells at the early
tages of infection and another operating at the late
tages via TGBp1 binding to the progeny PVX particles
estined for trafficking through PD.
Materials and Methods. PVX (Russian strain) was
ropagated in Datura stramonium L. The virus prepara-
ions and virion RNAs were obtained as described (11).
urification of TMV (His)6-30-kDa MP and PVX (His)6-25-
kDa TGBp1 was carried out as described (11). Radioac-
tively labeled (His)6-TGBp1 was obtained by addition of
he 14C-labeled amino acid mixture (10 mCi per 1 ml of
medium) at the time of the TGBp1 synthesis induction.
The TGBp1 was incubated with the purified PVX at the
TGBp1:PVX molar ratios, time, and temperature indicated
below in 10 mM Tris–HCl, pH 7.4 or Buffer A (20 mM
HEPES–KOH, pH 7.5, 70 mM KCl, 2 mM DTT, 1 mM
magnesium acetate, 1 mM ATP). The TGBp1–PVX com-
plexes were isolated from the incubation mixture by
centrifugation through 30% sucrose solution (4 ml) at
100,000 g for 2.5 h. The pellet was washed with water
and dissolved in 10 mM Tris–HCl, pH 7.4, overnight. The
14C-labeled TGBp1 (42 mg) was incubated with the puri-
ied PVX (600 mg) in 600 ml of 0. 01 M Tris–HCl, pH 7.4, for
0 min at 20°C and isolated as described above. The
otal radioactivity of the material incubated in each sam-
le (about 104 cpm) was taken as 100%. The radioactivity
was measured using a liquid scintillation counter (Beck-
man). The nonspecific background (about 80 cpm) was
subtracted throughout. Purified virion preparations were
incubated with TGBp1 in 10 mM Tris–HCl, pH 7.4, for 10
min at 20°C and then rabbit polyclonal antibodies to
TGBp1 (AbTGBp1) were added, and the mixture was incu-
ated in PBS, pH 7.4, overnight at 4°C. Then, the pre- 1ormed “PVX–TGBp1–AbTGBp1” complexes were isolated
y centrifugation as outlined above. The PVX–TGBp1–
bTGBp1 complexes were applied to formvar-coated cop-
er grids. The grids were floated for 30 min at 20°C on 30
ml solution of the secondary gold-labeled anti-rabbit im-
munoglobulins (Absec; size of gold particles: 5 or 10 nm;
igma) in PBS and washed in five changes of PBS. Virus
omplexes were visualized by staining with 2% aqueous
ranyl acetate solution. Observations were made in a
itachi HU-12 electron microscope. In vitro translation in
GE and RRL was carried out as described previously
11). Radiolabeled translation products were analyzed by
DS–PAGE electrophoresis and localized by autoradiog-
aphy on the dried gel.
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